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Abstract 
During their operation, modern aircraft engine components are subjected to increasingly demanding operating conditions, 
especially the high pressure turbine (HPT) blades. Such conditions cause these parts to undergo different types of time-dependent 
degradation, one of which is creep. A model using the finite element method (FEM) was developed, in order to be able to predict 
the creep behaviour of HPT blades. Flight data records (FDR) for a specific aircraft, provided by a commercial aviation 
company, were used to obtain thermal and mechanical data for three different flight cycles. In order to create the 3D model 
needed for the FEM analysis, a HPT blade scrap was scanned, and its chemical composition and material properties were 
obtained. The data that was gathered was fed into the FEM model and different simulations were run, first with a simplified 3D 
rectangular block shape, in order to better establish the model, and then with the real 3D mesh obtained from the blade scrap. The 
overall expected behaviour in terms of displacement was observed, in particular at the trailing edge of the blade. Therefore such a 
model can be useful in the goal of predicting turbine blade life, given a set of FDR data. 
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Abstract 
Ultrafine-grained metals feature very good mechanical properties like high hardness, high ultimate tensile strength, and a high 
fatigue limit, though all these properties are mostly reported for ultrafine-grained metals other than steels. Here we show fatigue 
results of ultrafine grained SAE 1045, which was produced by High Pressure Torsion (HPT), exhibiting significantly increased 
fatigue limits as compared to conventionally grained SAE 1045. Apart from applying the appropriate HPT-treatment it is also 
essential to use special carbide morphology in the initial state before HPT to reach high fatigue limit. Therefore we used SAE 1045 
in normalized, spheroidized, tempered, and patented states. In our investigation the patented microstructure led to a degree of 
hardness and a fatigue limit equivalent to those of austempered SAE 52100, while the other carbide morphologies in SAE 1045 led 
to significantly lower fatigue limits. Morphology and crack initiation mechanisms were changed by severe plastic deformation. 
The fracture surfaces revealed mostly flat fatigue fracture surfaces with crack initiation at the surface or, more often, at non-metallic 
inclusions beneath the surface. All patented SAE 1045 as well as austempered SAE 52100 specimens failed from nonmetallic 
inclusions but with different features in the very long life time regime. While the bearing steel SAE 52100 showed fine granular 
areas (FGAs) around the crack initiation inclusions the ultrafine grained patented SAE 1045 did not produce these FGAs around 
the inclusions. This significant difference in failure mechanism in long fatigue life can be explained with the help of an analysis of 
the stress intensity factors of the crack initiating inclusions in both steels: the development of FGAs in SAE 52100 only acts around 
inclusions when the stress intensity factor at those inclusions is below the classical threshold value of long cracks. In this case a 
FGA is formed at the inclusions and reduces the threshold value, with the consequence that a fatigue crack starts from the inclusion 
with FGA and leads to failure. In contrast, the microstructure of the patented SAE 1045 is already ultrafine grained by HPT before 
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fatigue loading so the threshold value for crack growth is lower than in austempered SAE 52100. Therefore in the ultrafine grained 
microstructure long cycle fatigue failure occurs without formation of FGAs around nonmetallic inclusions. 
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1. Introduction 
Ultrafine-grained (UFG) materials have been moving into focus for the last two decades. They are able to combine 
high strength and remarkable ductility (Valiev et al (2002)). Many publications were done concerning materials with 
low and medium strength like copper, aluminum, magnesium or titanium (Mughrabi et al. (2010), Höppel et al. (2008), 
Khatibi et al. (2010), Vinogradov (2007)). When medium carbon steel was investigated mostly quasistatic and 
microstructural investigations were in focus (Zrnik et al. (2010), Ning et al. (2013)). Only very sporadic studies were 
done on the fatigue properties in the field of UFG medium carbon steel (Furuya et al. (2008)). Previous investigations 
show remarkable hardness and reasonable fatigue properties (Torizuka et al. (2012), Ruffing and Kerscher (2014)). 
So in dependence of the initial softening annealed (spheroidal carbides), normalized, or tempered microstructure the 
hardness was increased by HPT-treatment from 169 HV to 511 HV, from 295 HV to 839 HV, or from 388 HV to 726 
HV, respectively (Ruffing et al. (2014), Ruffing et al. (2015)). While the maximum hardness of the states is different, 
there is no significant difference in the fatigue limit, which is between 840 MPa and 870 MPa when testing in four-
point-bending with load ratio R = 0.1. The fracture surfaces revealed mostly flat fatigue fracture surfaces with crack 
initiation at the surface or, more often, at non-metallic inclusions beneath the surface. Process flaws and 
inhomogeneities in the microstructure prevented these states from exhibiting the same optimum fatigue performance 
as similar high-strength materials (McGreevy and Socie (1999)). The residual fracture surface of specimens with 
spheroidal initial microstructures showed well-defined dimple structures also after HPT at high fatigue limits and high 
hardness values. In contrast, the specimens with a tempered initial microstructure showed rather brittle and rough 
residual fracture surfaces after HPT. 
In this study fatigue tests of micro specimens of an ultrafine grained medium carbon steel C45 (SAE 1045) and a 
high carbon bearing steel 100Cr6 (SAE 52100) with similar hardness were carried out. In contrast to the mechanical 
properties of ultrafine grained steels the mechanical behavior of 100Cr6 was investigated exceedingly (Sakai et al. 
(2002), Shiozawa et al. (2009), Kerscher et al. (2008, 2010, and 2011), Grad et al. 2012)). So 100Cr6 was used as a 
kind of benchmark-material providing highest fatigue limits as well as mostly understood mechanisms of crack 
initiation and crack propagation. Thereby, a special emphasis of our study is on the morphology of the fracture surface 
around the non-metallic inclusions where 100Cr6 develops fine granular areas (FGAs) after long fatigue life times. 
This FGA is a consequence of the formation of a very fine grain structure around at the crack initiation site (Grad et 
al. (2012), Spriestersbach et al. (2016)). 
2. Experimental procedures 
2.1. Material state and specimen geometry 
The investigations were carried out with two steels, namely C45 (SAE 1045) and 100Cr6 (SAE 52100). The steel 
compositions are listed in Table 1. 100Cr6 was used in an austempered condition: Starting with a ferritic matrix with 
spherical carbides the material was austenitized at 855° C for 20 minutes in a salt bath, transferred rapidly to a second 
salt bath, which had 220° C, and held for 6 hours in the second salt bath (for details regarding heat treatment see 
Kerscher and Lang (2010)). The as-delivered rods of the medium carbon steel C45, which had a diameter of 10 mm, 
were exposed to patenting heat treatment by austenitization at 900 °C for 1 h, quenching to 375 °C for 3 s, and followed 
by annealing at 500 °C for 0.5 h. This treatment results in a nearly fully pearlitic microstructure. Subsequently this 
patented C45 steel rod was cut in discs, which had a height of 1 mm. These discs were further processed by high 
pressure torsion (HPT). Therefore the discs were deformed under a pressure of 6 GPa for n = 10 rotations at elevated 
Copyright © 2016 The Authors. Published by Els vier B.V. This is an open acc ss article under the CC BY-NC-ND license  
(http://creativecommons.org/licenses/by-nc-nd/4.0/).
Peer-review under responsibility of the Scientific Committee of ECF21.
 C. Ruffing et al. / Procedia Structural Integrity 2 (2016) 3240–3247 3241
 
Available online at www.sciencedirect.com 
ScienceDirect 
Structural Integrity Procedia 00 (2016) 000–000  
www.elsevier.com/locate/procedia 
 
2452-3216 © 2016 The Authors. Published by Elsevier B.V. 
Peer-review under responsibility of the Scientific Committee of ECF21.  
21st European Conference on Fracture, ECF21, 20-24 June 2016, Catania, Italy 
A comparison of the fatigue and fracture behavior of high strength 
ultrafine grained medium carbon steel SAE 1045 with high strength 
bearing steel SAE 52100 
C. Ruffinga,b, Yu. Ivanisenkoc, E. Kerschera* 
aMaterials Testing, University of Kaiserslautern, Gottlieb-Daimler-Straße, 67663 Kaiserslautern, Germany 
bnow: Verope GmbH, 66497 Contwig, Germany 
c Institute for Nanotechnology (INT), Karlsruhe Institute of Technology (KIT), Hermann-von-Helmholtz-Platz 1, 76344 Eggenstein-
Leopoldshafen, Germany 
Abstract 
Ultrafine-grained metals feature very good mechanical properties like high hardness, high ultimate tensile strength, and a high 
fatigue limit, though all these properties are mostly reported for ultrafine-grained metals other than steels. Here we show fatigue 
results of ultrafine grained SAE 1045, which was produced by High Pressure Torsion (HPT), exhibiting significantly increased 
fatigue limits as compared to conventionally grained SAE 1045. Apart from applying the appropriate HPT-treatment it is also 
essential to use special carbide morphology in the initial state before HPT to reach high fatigue limit. Therefore we used SAE 1045 
in normalized, spheroidized, tempered, and patented states. In our investigation the patented microstructure led to a degree of 
hardness and a fatigue limit equivalent to those of austempered SAE 52100, while the other carbide morphologies in SAE 1045 led 
to significantly lower fatigue limits. Morphology and crack initiation mechanisms were changed by severe plastic deformation. 
The fracture surfaces revealed mostly flat fatigue fracture surfaces with crack initiation at the surface or, more often, at non-metallic 
inclusions beneath the surface. All patented SAE 1045 as well as austempered SAE 52100 specimens failed from nonmetallic 
inclusions but with different features in the very long life time regime. While the bearing steel SAE 52100 showed fine granular 
areas (FGAs) around the crack initiation inclusions the ultrafine grained patented SAE 1045 did not produce these FGAs around 
the inclusions. This significant difference in failure mechanism in long fatigue life can be explained with the help of an analysis of 
the stress intensity factors of the crack initiating inclusions in both steels: the development of FGAs in SAE 52100 only acts around 
inclusions when the stress intensity factor at those inclusions is below the classical threshold value of long cracks. In this case a 
FGA is formed at the inclusions and reduces the threshold value, with the consequence that a fatigue crack starts from the inclusion 
with FGA and leads to failure. In contrast, the microstructure of the patented SAE 1045 is already ultrafine grained by HPT before 
 
 
* E. Kerscher. Tel.: +49-631-205-2136; fax: +49-631-205-5261. 
E-mail address: kerscher@mv.uni.kl.de 
 
Available online at www.sciencedirect.com 
ScienceDirect 
Structural Integrity Procedia 00 (2016) 000–000  
www.elsevier.com/locate/procedia 
 
2452-3216 © 2016 The Authors. Published by Elsevier B.V. 
Peer-review under responsibility of the Scientific Committee of ECF21.  
21st European Conference on Fracture, ECF21, 20-24 June 2016, Catania, Italy 
A comparison of the fatigue and fracture behavior of high strength 
ultrafine grained medium carbon steel SAE 1045 with high strength 
bearing steel SAE 5210  
C. Ruffinga,b, Yu. Ivanisenkoc, E. Kerschera* 
aMaterials Testing, University of Kaisersla tern, Gottlieb-Daimler-Straße, 67663 Kaiserslautern, Germany 
bnow: Verope GmbH, 66497 Contwig, Germany 
c Institute for Nanotechnology (INT), Karlsruhe Institute of Technology (KIT), He mann-von-Helmholtz-Platz 1, 76344 Eggenstein-
L opoldshafen, Germany 
Abstract 
Ultrafine-grained metals feature very good mechanical properties like high hardness, high ultimate tensile strength, and a high 
fatigue limit, though all these properties are mostly reported for ultrafine-grained metals other than steels. Here we show fatigue 
results of ultrafine grained SAE 1045, which was produced by High Pressure Torsion (HPT), exhibiting significantly increased 
fatigue limits as compared to conventionally grained SAE 1045. Apart from applying the appropriate HPT-treatment it is also 
essential to use special carbide morphology in the initial state before HPT to reach high fatigue limit. Therefore we used SAE 1045 
in normalized, spheroidized, tempered, and patented states. In our investigation the patented microstructure led to a degree of 
hardness and a fatigue limit equivalent to those of austempered SAE 52100, while the other carbide morphologies in SAE 1045 led 
to significantly lower fatigue limits. Morphology and crack initiation mechanisms were changed by severe plastic deformation. 
The fracture surfaces revealed mostly flat fatigue fracture surfaces with crack initiation at the surface or, more often, at non-metallic 
inclusions beneath the surface. All patented SAE 1045 as well as austempered SAE 52100 specimens failed from nonmetallic 
inclusions but with different features in the very long life time regime. While the bearing steel SAE 52100 showed fine granular 
areas (FGAs) around the crack initiation inclusions the ultrafine grained patented SAE 1045 did not produce these FGAs around 
the inclusions. This significant difference in failure mechanism in long fatigue life can be explained with the help of an analysis of 
the stress intensity factors of the crack initiating inclusions in both steels: the development of FGAs in SAE 52100 only acts around 
inclusions when the stress intensity factor at those inclusions is below the classical threshold value of long cracks. In this case a 
FGA is formed at the inclusions and reduces the threshold value, with the consequence that a fatigue crack starts from the inclusion 
with FGA and leads to failure. In contrast, the microstructure of the patented SAE 1045 is already ultrafine grained by HPT before 
 
 
* E. Kerscher. Tel.: +49-631-205-2136; fax: +49-631-205-5261. 
E-mail address: kerscher@mv.uni.kl.de 
2 Ruffing/ Structural Integrity Procedia  00 (2016) 000–000 
fatigue loading so the threshold value for crack growth is lower than in austempered SAE 52100. Therefore in the ultrafine grained 
microstructure long cycle fatigue failure occurs without formation of FGAs around nonmetallic inclusions. 
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spheroidal initial microstructures showed well-defined dimple structures also after HPT at high fatigue limits and high 
hardness values. In contrast, the specimens with a tempered initial microstructure showed rather brittle and rough 
residual fracture surfaces after HPT. 
In this study fatigue tests of micro specimens of an ultrafine grained medium carbon steel C45 (SAE 1045) and a 
high carbon bearing steel 100Cr6 (SAE 52100) with similar hardness were carried out. In contrast to the mechanical 
properties of ultrafine grained steels the mechanical behavior of 100Cr6 was investigated exceedingly (Sakai et al. 
(2002), Shiozawa et al. (2009), Kerscher et al. (2008, 2010, and 2011), Grad et al. 2012)). So 100Cr6 was used as a 
kind of benchmark-material providing highest fatigue limits as well as mostly understood mechanisms of crack 
initiation and crack propagation. Thereby, a special emphasis of our study is on the morphology of the fracture surface 
around the non-metallic inclusions where 100Cr6 develops fine granular areas (FGAs) after long fatigue life times. 
This FGA is a consequence of the formation of a very fine grain structure around at the crack initiation site (Grad et 
al. (2012), Spriestersbach et al. (2016)). 
2. Experimental procedures 
2.1. Material state and specimen geometry 
The investigations were carried out with two steels, namely C45 (SAE 1045) and 100Cr6 (SAE 52100). The steel 
compositions are listed in Table 1. 100Cr6 was used in an austempered condition: Starting with a ferritic matrix with 
spherical carbides the material was austenitized at 855° C for 20 minutes in a salt bath, transferred rapidly to a second 
salt bath, which had 220° C, and held for 6 hours in the second salt bath (for details regarding heat treatment see 
Kerscher and Lang (2010)). The as-delivered rods of the medium carbon steel C45, which had a diameter of 10 mm, 
were exposed to patenting heat treatment by austenitization at 900 °C for 1 h, quenching to 375 °C for 3 s, and followed 
by annealing at 500 °C for 0.5 h. This treatment results in a nearly fully pearlitic microstructure. Subsequently this 
patented C45 steel rod was cut in discs, which had a height of 1 mm. These discs were further processed by high 
pressure torsion (HPT). Therefore the discs were deformed under a pressure of 6 GPa for n = 10 rotations at elevated 
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temperature of 380 °C. This led to a grain refinement resulting in an ultrafine grained microstructure with a grain size 
well below 1 µm. The microhardness of HPT processed C45 steel became as high as that of austempered 100Cr6 steel 
(781 HV and 775 HV, respectively).  
After HPT-treatment the fatigue specimens were extracted from the discs as shown in Fig 1a to get four bending 
bars from each disc. Due to the low available volume with UFG-microstructure the tests had to be carried out with 
micro specimens. The bending bars had a length of at least 4 mm, a width of 1 mm and a height of 0.6 mm. Bending 
bars with the same geometry were manufactured from 100Cr6.  
     Table 1. Chemical composition of the two steels in weight-%. 
Steels C Cr Si Mn Cu Mo P S 
100Cr6 0.95 1.47 0.29 0.25 0.04 0.017 0.003 0.002 
C45 0.46 0.04 0.17 0.64 0.06 0.01 0.011 0.009 
2.2. Fatigue testing 
The fatigue experiments were carried out on an electrodynamic testing device (Bose Electroforce 3230). The testing 
setup is shown in Fig. 1b and Fig. 1c. The bending bars were loaded by four-point-bending under force control with 
a sinusoidal signal at a frequency of 40 Hz and a load ratio R = 0.1.The endurance limit was estimated by the staircase 
method with an ultimate number of cycles to failure of 107 and a 50%-failure-probability. 
The associated maximum edge stresses in the outer fiber were calculated with equation (1). They are relevant for 
crack initiation in the tension side of the cuboid bending bars with effective dimensions of 3.2 mm (l) x 1mm (w) x 
0.6mm (h). 
 
ߪ௘ௗ௚௘ ൌ ሺ͵ܨ݈ሻȀሺͶݓ݄ଶሻ     (1) 
 
This linear calculation is possible because of the low plasticity in these high-strength states. In the case of higher 
plasticity in low strength steel a correction of the stress values in analogy to Ruffing et al. (2013) would have to be 
done for four-point-bending. 
 
  
Fig. 1: top view of HPT-discs with position of cuts to extract the fatigue specimens with dimensions in mm (a) and 4-point-bending fixture for 
electrodynamic testing device (Bose Electroforce 3230) as picture and with dimensions (b) and (c) 
2.3. Fracture Surface Analysis 
The fracture surfaces of the failed specimens were imaged with the optical microscope Leica DM2500M as well as 
with the scanning electron microscope (SEM) Philips XL 40. According to Murakami et al. (1989) the SIF can be 
a c b 
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calculated by the projected cross section area of the initiating inclusion measured on a plane perpendicular to the stress 
axis, the applied maximum tensile stress σo, which is calculated by regarding the individual position of the inclusion 
in the bending bar, and a constant C (C = 0.65 for surface inclusions and C = 0.5 for subsurface inclusions) as follows:  
 
��� �� � �����√����     (2) 
 
3. Results and discussion 
3.1. Microstructure 
The microstructures of austempered 100Cr6 (Fig. 2a) and UFG C45 (Fig. 2b and 2c) are shown in Fig. 2. The 
microstructures differ significantly despite their similar hardness. In 100Cr6 spheroidal carbides and the carbides 
inside the bainite plates under an angle of 60° to the needle axis are visible. The needles have a length of up to a few 
micrometers and a width of a few hundreds of nanometers. Lau patterns reveal an average needle size of 650 nm. The 
microstructure of patented UFG C45 has smooth appearance, with slightly elongated grains in shear direction but 
cementite lamellae cannot be resolved. The elongated grains are about 210 nm long and 65 nm wide. 
 
  
Fig. 2: microstructure of austempered 100Cr6 (a) and UFG C45 (b and c), pictures are taken by scanning electron microscope (SEM) in (a) and 
(b) and automated crystal orientation mapping - transmission electron microscope (ACOM-TEM, Ruffing et al. (2015)) in (c) 
3.2. Fatigue results 
Fig. 3 reveals the results of the fatigue tests of 100Cr6 and patented UFG C45. Thereby the edge stress amplitude 
(σa = Δσ/2) was used. There were three specimens, which failed at number of cycles larger than 107, but they were 
indicated as run outs in Fig. 3 and evaluated as run outs in the staircase method, as well. In the case of UFG C45 the 
endurance limit is 1061 MPa, which is nearly the same as for the bearing steel 100Cr6 (1055 MPa). Exactly the same 
material of 100Cr6 was investigated in earlier studies, published in Kerscher and Lang (2010), which showed an 
endurance limit of 851 MPa at a load ratio of R = -1 in alternating bending tests. With a load ratio of R = 0.1 in our 
current 4-point-bending-test the endurance limit is expected to be lower than in the alternating bending tests. The fact 
of a higher endurance limit in the actual investigation is a result from the used micro-specimens with a very small 
highly loaded material volume. Because cracks mainly initiate at nonmetallic inclusions the endurance limit is 
expected to be significantly higher when testing lower critical volumes.  
Although the absolute stress values are hard to compare with literature data because they are normally not 
investigated with micro specimens, the outstanding result of the present investigation is that we are able to produce a 
UFG medium carbon steel which has fatigue properties comparable with those of a high-strength bearing steel like 
100Cr6 in the austempered condition.  
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(781 HV and 775 HV, respectively).  
After HPT-treatment the fatigue specimens were extracted from the discs as shown in Fig 1a to get four bending 
bars from each disc. Due to the low available volume with UFG-microstructure the tests had to be carried out with 
micro specimens. The bending bars had a length of at least 4 mm, a width of 1 mm and a height of 0.6 mm. Bending 
bars with the same geometry were manufactured from 100Cr6.  
     Table 1. Chemical composition of the two steels in weight-%. 
Steels C Cr Si Mn Cu Mo P S 
100Cr6 0.95 1.47 0.29 0.25 0.04 0.017 0.003 0.002 
C45 0.46 0.04 0.17 0.64 0.06 0.01 0.011 0.009 
2.2. Fatigue testing 
The fatigue experiments were carried out on an electrodynamic testing device (Bose Electroforce 3230). The testing 
setup is shown in Fig. 1b and Fig. 1c. The bending bars were loaded by four-point-bending under force control with 
a sinusoidal signal at a frequency of 40 Hz and a load ratio R = 0.1.The endurance limit was estimated by the staircase 
method with an ultimate number of cycles to failure of 107 and a 50%-failure-probability. 
The associated maximum edge stresses in the outer fiber were calculated with equation (1). They are relevant for 
crack initiation in the tension side of the cuboid bending bars with effective dimensions of 3.2 mm (l) x 1mm (w) x 
0.6mm (h). 
 
ߪ௘ௗ௚௘ ൌ ሺ͵ܨ݈ሻȀሺͶݓ݄ଶሻ     (1) 
 
This linear calculation is possible because of the low plasticity in these high-strength states. In the case of higher 
plasticity in low strength steel a correction of the stress values in analogy to Ruffing et al. (2013) would have to be 
done for four-point-bending. 
 
  
Fig. 1: top view of HPT-discs with position of cuts to extract the fatigue specimens with dimensions in mm (a) and 4-point-bending fixture for 
electrodynamic testing device (Bose Electroforce 3230) as picture and with dimensions (b) and (c) 
2.3. Fracture Surface Analysis 
The fracture surfaces of the failed specimens were imaged with the optical microscope Leica DM2500M as well as 
with the scanning electron microscope (SEM) Philips XL 40. According to Murakami et al. (1989) the SIF can be 
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calculated by the projected cross section area of the initiating inclusion measured on a plane perpendicular to the stress 
axis, the applied maximum tensile stress σo, which is calculated by regarding the individual position of the inclusion 
in the bending bar, and a constant C (C = 0.65 for surface inclusions and C = 0.5 for subsurface inclusions) as follows:  
 
��� �� � �����√����     (2) 
 
3. Results and discussion 
3.1. Microstructure 
The microstructures of austempered 100Cr6 (Fig. 2a) and UFG C45 (Fig. 2b and 2c) are shown in Fig. 2. The 
microstructures differ significantly despite their similar hardness. In 100Cr6 spheroidal carbides and the carbides 
inside the bainite plates under an angle of 60° to the needle axis are visible. The needles have a length of up to a few 
micrometers and a width of a few hundreds of nanometers. Lau patterns reveal an average needle size of 650 nm. The 
microstructure of patented UFG C45 has smooth appearance, with slightly elongated grains in shear direction but 
cementite lamellae cannot be resolved. The elongated grains are about 210 nm long and 65 nm wide. 
 
  
Fig. 2: microstructure of austempered 100Cr6 (a) and UFG C45 (b and c), pictures are taken by scanning electron microscope (SEM) in (a) and 
(b) and automated crystal orientation mapping - transmission electron microscope (ACOM-TEM, Ruffing et al. (2015)) in (c) 
3.2. Fatigue results 
Fig. 3 reveals the results of the fatigue tests of 100Cr6 and patented UFG C45. Thereby the edge stress amplitude 
(σa = Δσ/2) was used. There were three specimens, which failed at number of cycles larger than 107, but they were 
indicated as run outs in Fig. 3 and evaluated as run outs in the staircase method, as well. In the case of UFG C45 the 
endurance limit is 1061 MPa, which is nearly the same as for the bearing steel 100Cr6 (1055 MPa). Exactly the same 
material of 100Cr6 was investigated in earlier studies, published in Kerscher and Lang (2010), which showed an 
endurance limit of 851 MPa at a load ratio of R = -1 in alternating bending tests. With a load ratio of R = 0.1 in our 
current 4-point-bending-test the endurance limit is expected to be lower than in the alternating bending tests. The fact 
of a higher endurance limit in the actual investigation is a result from the used micro-specimens with a very small 
highly loaded material volume. Because cracks mainly initiate at nonmetallic inclusions the endurance limit is 
expected to be significantly higher when testing lower critical volumes.  
Although the absolute stress values are hard to compare with literature data because they are normally not 
investigated with micro specimens, the outstanding result of the present investigation is that we are able to produce a 
UFG medium carbon steel which has fatigue properties comparable with those of a high-strength bearing steel like 
100Cr6 in the austempered condition.  
c 
3244 C. Ruffing et al. / Procedia Structural Integrity 2 (2016) 3240–3247 Spriestersbach/ Structural Integrity Procedia 00 (2016) 000–000  5 
 
 
Fig. 3: S-N curves of 100Cr6 and UFG C45 revealing different crack initiation sites as well as number of run-out per stress level  
3.3. Analysis of facture surfaces 
The scatter in lifetime shown in Fig. 3 is the same for the UFG material and the bearing steel and is well known 
for high-strength steels. Thus, crack initiation sites were evaluated by fractographic investigations after the fatigue 
tests. They are shown in the S-N-curves by different labels according to their individual appearance. Some crack 
initiation from the surface without any distinctive feature was observed but mostly nonmetallic inclusions were 
responsible for crack initiation. These nonmetallic inclusions were partly located at the surface but also in the interior 
of the specimen. When cracks initiate from a nonmetallic inclusion inside the material a so-called “fish-eye” fracture 
is the result. Despite the similar endurance limits fish-eye cracks were more often observed for 100Cr6. This is typical 
for a high-strength bearing steel but for UFG materials, to the best of the authors’ knowledge, no fish-eye cracks from 
sub-surface inclusions were reported in literature before. The reason is that the transition between surface and interior 
cracks usually happens in very high-strength materials. Most fatigue experiments are carried out with UFG materials 
like copper, titanium, magnesium, or aluminum with lower strength (Mughrabi et al. (2010), Höppel et al. (2008), 
Khatibi et al. (2010)). Also low carbon or IF-steels do not provide the degree of hardness essential for revealing 
interior crack propagation with fish-eye fracture (Niendorf et al. (2006), Chapetti et al. (2004)). Also important for 
the initiation of internal cracks at nonmetallic inclusions is the homogeneity of the highly loaded material volume. 
Our past publication concerning this topic (Ruffing and Kerscher (2014)) revealed a very high hardness, but the 
homogeneity of the microstructure was poor. Therefore, the fatigue properties were disappointingly low because of 
favored crack initiation at inhomogeneities directly at the surface. The present paper deals for the first time with a 
uniform high-strength material state in the UFG condition that provides similar or even better homogeneity as the 
high-strength austempered bearing steel 100Cr6.  
Optical microscopy images of a fish-eye fracture are shown in Fig. 4. On the left side in Fig. 4a and 4b the fracture 
surface of two 100Cr6 specimens are shown in order to compare them with two similar fish-eye fractures of the UFG 
state on the right side in Fig. 4c and 4d. These fractographic investigations reveal the crack initiation sites in both 
materials and help to uncover the mechanism of crack initiation and propagation. The crack path in the UFG condition 
inside the fish-eye is less tortuous compared with that of the bearing steel visible due to the higher contrast and brighter 
light reflection in Fig. 4c and 4d. Measurements using confocal microscopy confirmed the roughness difference as 
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reason for the different light reflection. One clearly visible damage mechanism in 100Cr6 is the formation of a so-
called Fine Granular Area (FGA) (Sakai et al. (2002)) that surrounds the nonmetallic inclusions inside the fish-eye. It 
is visible as dark facet around the inclusion in Fig. 4a and 4b, which is the reason why some publications prefer the 
term Optical Dark Area (ODA) (e.g. Murakami et al. (2000)). FGAs are very fine grained layers, which form during 
fatigue loading in the high (HCF) and very high cycle fatigue (VHCF) regime, around nonmetallic inclusions (Grad 
et al. (2012)). They are responsible for the lack of a classical fatigue limit of high-strength steels like 100Cr6 in the 
VHCF regime. In Fig. 4c and 4d no dark regions are visible around the inclusions. TEM and SEM studies confirmed 
the presumption from optical observation that the UFG steel in this investigation does not produce a further grain 
refinement around the inclusion visible as FGA. Many publications were done in the past to explain the FGA formation 
(e.g. Murakami et al. (2000) and Sakai et al. (2002)). Whatever, in Grad et al. (2012) the FGA formation is shown to 
be responsible for a local decrease of the threshold of the stress intensity factor (SIF) ΔKth for initiating long cracks 
due to grain refining. 
 
 
Fig. 4: Optical microscopy image of different fish-eye fracture for a, b) 100Cr6 and c, d) UFG C45 (all same magnification) 
Thus cracks occur also at nonmetallic inclusions in VHCF providing a SIF at the crack-initiating inclusion lower 
than the conventional threshold value Kth of 4-6 MPa m1/2 for long cracks in 100Cr6, when a FGA is formed (Sakai et 
al. (2002)). Nevertheless this threshold value was reached in 100Cr6 when regarding not the SIF of the inclusion alone 
but additionally that of the surrounding FGA. In the case of Grad et al. (2012) the stress intensity factors of the FGA 
are always equivalent to Kth for long cracks, which is 4-6 MPa m1/2. After FGA formation, the fish-eye is formed due 
to the microstructurally long crack growth. 
In the present investigations this threshold value is in the same range (approximately between 5.5 - 5.8 MPa m1/2) 
presented in Figure 5. The diagram shows the cycles to fracture in dependence of the SIF Kmax at nonmetallic crack 
initiating inclusions calculated according to Murakami (equation (2)). The SIF of four 100Cr6 specimens having a 
FGA were additionally corrected with the area of the FGA. Kth can be taken from the plateau of the FGA corrected 
SIF values. The high threshold of the SIF, located at the upper boarder of 4-6 MPa m0.5, is a result of the different 
testing conditions as compared to those in Grad et al. (2012). The important result is that there is still a threshold of 
SIF for long cracks in 100Cr6 as reported in Grad et al. (2012) but that this is not the case for the UFG material. In 
the UFG condition the SIF at the crack initiating inclusions are similar to those of 100Cr6 without correction due to 
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for a high-strength bearing steel but for UFG materials, to the best of the authors’ knowledge, no fish-eye cracks from 
sub-surface inclusions were reported in literature before. The reason is that the transition between surface and interior 
cracks usually happens in very high-strength materials. Most fatigue experiments are carried out with UFG materials 
like copper, titanium, magnesium, or aluminum with lower strength (Mughrabi et al. (2010), Höppel et al. (2008), 
Khatibi et al. (2010)). Also low carbon or IF-steels do not provide the degree of hardness essential for revealing 
interior crack propagation with fish-eye fracture (Niendorf et al. (2006), Chapetti et al. (2004)). Also important for 
the initiation of internal cracks at nonmetallic inclusions is the homogeneity of the highly loaded material volume. 
Our past publication concerning this topic (Ruffing and Kerscher (2014)) revealed a very high hardness, but the 
homogeneity of the microstructure was poor. Therefore, the fatigue properties were disappointingly low because of 
favored crack initiation at inhomogeneities directly at the surface. The present paper deals for the first time with a 
uniform high-strength material state in the UFG condition that provides similar or even better homogeneity as the 
high-strength austempered bearing steel 100Cr6.  
Optical microscopy images of a fish-eye fracture are shown in Fig. 4. On the left side in Fig. 4a and 4b the fracture 
surface of two 100Cr6 specimens are shown in order to compare them with two similar fish-eye fractures of the UFG 
state on the right side in Fig. 4c and 4d. These fractographic investigations reveal the crack initiation sites in both 
materials and help to uncover the mechanism of crack initiation and propagation. The crack path in the UFG condition 
inside the fish-eye is less tortuous compared with that of the bearing steel visible due to the higher contrast and brighter 
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reason for the different light reflection. One clearly visible damage mechanism in 100Cr6 is the formation of a so-
called Fine Granular Area (FGA) (Sakai et al. (2002)) that surrounds the nonmetallic inclusions inside the fish-eye. It 
is visible as dark facet around the inclusion in Fig. 4a and 4b, which is the reason why some publications prefer the 
term Optical Dark Area (ODA) (e.g. Murakami et al. (2000)). FGAs are very fine grained layers, which form during 
fatigue loading in the high (HCF) and very high cycle fatigue (VHCF) regime, around nonmetallic inclusions (Grad 
et al. (2012)). They are responsible for the lack of a classical fatigue limit of high-strength steels like 100Cr6 in the 
VHCF regime. In Fig. 4c and 4d no dark regions are visible around the inclusions. TEM and SEM studies confirmed 
the presumption from optical observation that the UFG steel in this investigation does not produce a further grain 
refinement around the inclusion visible as FGA. Many publications were done in the past to explain the FGA formation 
(e.g. Murakami et al. (2000) and Sakai et al. (2002)). Whatever, in Grad et al. (2012) the FGA formation is shown to 
be responsible for a local decrease of the threshold of the stress intensity factor (SIF) ΔKth for initiating long cracks 
due to grain refining. 
 
 
Fig. 4: Optical microscopy image of different fish-eye fracture for a, b) 100Cr6 and c, d) UFG C45 (all same magnification) 
Thus cracks occur also at nonmetallic inclusions in VHCF providing a SIF at the crack-initiating inclusion lower 
than the conventional threshold value Kth of 4-6 MPa m1/2 for long cracks in 100Cr6, when a FGA is formed (Sakai et 
al. (2002)). Nevertheless this threshold value was reached in 100Cr6 when regarding not the SIF of the inclusion alone 
but additionally that of the surrounding FGA. In the case of Grad et al. (2012) the stress intensity factors of the FGA 
are always equivalent to Kth for long cracks, which is 4-6 MPa m1/2. After FGA formation, the fish-eye is formed due 
to the microstructurally long crack growth. 
In the present investigations this threshold value is in the same range (approximately between 5.5 - 5.8 MPa m1/2) 
presented in Figure 5. The diagram shows the cycles to fracture in dependence of the SIF Kmax at nonmetallic crack 
initiating inclusions calculated according to Murakami (equation (2)). The SIF of four 100Cr6 specimens having a 
FGA were additionally corrected with the area of the FGA. Kth can be taken from the plateau of the FGA corrected 
SIF values. The high threshold of the SIF, located at the upper boarder of 4-6 MPa m0.5, is a result of the different 
testing conditions as compared to those in Grad et al. (2012). The important result is that there is still a threshold of 
SIF for long cracks in 100Cr6 as reported in Grad et al. (2012) but that this is not the case for the UFG material. In 
the UFG condition the SIF at the crack initiating inclusions are similar to those of 100Cr6 without correction due to 
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the FGA. In Fig. 5 the line which approximates the values of 100Cr6 also matches the values of the UFG material. 
Some less matching values do exist, but these are likely explained by possible inhomogeneities from HPT, which led 
to an earlier fracture. The corresponding specimens also do not show a fish-eye fracture. Without creating a FGA no 
crack initiation of the 100Cr6 state would be possible below Kth. In the UFG condition no FGA formation was 
observed. In a way this FGA formation is obviously not necessary there because the material itself has a grain size 
which is nearly the same as within the FGAs. So the threshold value is decreased in the whole material volume of the 
UFG material and not only in the vicinity of the nonmetallic inclusion after FGA formation as in 100Cr6. Thereby the 
grain size within the FGA is on the same level as the grain size of patented UFG C45. The decrease of SIF threshold 
value with decreasing grain size is also known from the literature for different UFG materials, which includes fcc-
materials (Vinogradov (2007)) as well as bcc-steel (Kim et al. (2002) and Niendorf et al. (2010)), but was never before 
investigated for high-strength medium carbon steel produced by HPT. 
 
 
Fig. 5: Stress intensity factor at crack initiating inclusion or at FGA against cycles to fracture for 100Cr6 and UFG C45 
4. Conclusions 
In this paper fatigue tests of ultrafine grained medium carbon steel were presented. The material was produced by 
using high pressure torsion and revealed a very high hardness similar to that of the high-strength bearing steel 100Cr6. 
Also the endurance limit of the present ultrafine-grained steel is at the same level as the bearing steel. Furthermore, 
the ultrafine-grained material revealed mechanisms of crack initiation and propagation similar to those of 100Cr6 in 
the austempered condition. In both cases crack initiation from sub-surface nonmetallic inclusions was identified, but 
one important difference between the conventional bearing steel and the ultrafine grained steel with similar hardness 
and endurance limit is the absence of the formation of a fine granular area around the crack initiating inclusions in 
UFG steel. Indeed, further grain refinement in already ultrafine-grained material around the crack initiating inclusions 
seems to be impossible and also needless for crack initiation because the ultrafine grained material possesses a lower 
threshold value of the stress intensity factor against long crack propagation as compared with conventional high-
strength steels. 
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the FGA. In Fig. 5 the line which approximates the values of 100Cr6 also matches the values of the UFG material. 
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observed. In a way this FGA formation is obviously not necessary there because the material itself has a grain size 
which is nearly the same as within the FGAs. So the threshold value is decreased in the whole material volume of the 
UFG material and not only in the vicinity of the nonmetallic inclusion after FGA formation as in 100Cr6. Thereby the 
grain size within the FGA is on the same level as the grain size of patented UFG C45. The decrease of SIF threshold 
value with decreasing grain size is also known from the literature for different UFG materials, which includes fcc-
materials (Vinogradov (2007)) as well as bcc-steel (Kim et al. (2002) and Niendorf et al. (2010)), but was never before 
investigated for high-strength medium carbon steel produced by HPT. 
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the austempered condition. In both cases crack initiation from sub-surface nonmetallic inclusions was identified, but 
one important difference between the conventional bearing steel and the ultrafine grained steel with similar hardness 
and endurance limit is the absence of the formation of a fine granular area around the crack initiating inclusions in 
UFG steel. Indeed, further grain refinement in already ultrafine-grained material around the crack initiating inclusions 
seems to be impossible and also needless for crack initiation because the ultrafine grained material possesses a lower 
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strength steels. 
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